Introduction
Cassava begomoviruses (family Geminiviridae, genus Begomovirus), which have single stranded (ss) DNA genomes, are associated with the cassava mosaic disease (CMD) occurring in cassava (Manihot esculenta) in Africa and southeastern Asia. To date, at least seven cassava begomoviruses causing CMD in Africa have been described (Patil and Fauquet, 2009 ). Based on genomic sequences, these viruses can be organized into the African cassava mosaic virus (ACMV) and a separate group of East African cassava mosaic virus (EACMV)-like viruses. Irrespective of their geographical origin, ACMV isolates show little variation in their genomic sequences. In contrast, sequences of viruses that form a cluster with EACMV show considerable variation due, at least partially, to recombination and reassortment of genome components, especially during mixed infections (Hong et al., 1993; Zhou et al., 1998; Fondong et al., 2000; Pita et al., 2001; Bull et al., 2006; Owor et al., 2007; van der Walt et al., 2009 ). In addition to recombination and reassortment of components, it is likely that viruses belonging to the EACMV cluster are undergoing rapid natural selection.
Recent studies of viral evolutionary dynamics suggest that ssDNA viruses evolve at rates approaching those observed in RNA viruses with notoriously high error rates. For example, rates of nucleotide substitution in Canine parvovirus (CPV-2), Feline panleukopenia virus (FPV) (Hoelzer et al., 2008) and Human parvovirus B19 (Shackelton et al., 2005) are approximately 10 −4 subs/site/year, which are similar to the substitution rates observed in plant RNA viruses. In further support of this, recent data suggests that geminiviruses also exhibit frequent mutations. For example, mutation frequencies in the order of 10
mutations/site, were observed in Tomato yellow leaf curl China virus (TYLCCNV) in both naturally and experimentally infected tomato (Solanum lycopersicom) and Nicotiana benthamiana (Ge et al., 2007) . In addition, relatively high rates of nucleotide substitution have been reported in Tomato yellow leaf curl virus (TYLCV) Urbino et al., 2008) and Maize streak virus (MSV) (van der Walt et al., 2008) . These data suggest that geminivirus population structure is similar to that of RNA viruses (Isnard et al., 1998; Ge et al., 2007) . Evidence of frequent mutations in these DNA viruses suggests that genetic mutations in viruses are not accounted for by polymerase fidelity alone as suggested for RNA viruses, but may be caused by other aspects of virus biology, including genomic architecture, replication speed, and host use . Despite the devastation resulting from cassava geminiviruses on the cassava crop, there are few reports on the creation of genetic diversity in these viruses. To our knowledge only one comprehensive study by Duffy and Holmes (2009) determined the frequency of nucleotide substitution in EACMV, which was shown to be between 16.0 × 10 −4 and 1.33 × 10 −4 substitutions/site. However, the study was based on sequence data from different regions available in public databases. East African cassava mosaic cassava Cameroon virus (EACMCV), which clusters with EACMV species from Eastern Africa, occurs in West and Central Africa. Like some other members of the EACMV cluster, EACMCV is a recombinant virus (Fondong et al., 2000) and is likely accumulating mutations relatively frequently. To determine this, we analyzed mutational frequencies in a 1480 nucleotide fragment encompassing the intergenic region and AC1 (IR/AC1) of 203 progeny clones of EACMCV from naturally infected cassava and from experimentally infected N. benthamiana. We show here that EACMCV exhibits frequent and biased mutations and that this virus evolves rapidly to amend deleterious changes in its genome and to select and propagate more fit virus variants. We also describe an EACMCV mutant (EACMCV-AC4   T38I ), which exhibits reversion and second site mutation.
Results

Variation in virus populations in naturally infected cassava under field conditions
To investigate variation in EACMCV under natural conditions, we collected four leaf samples (virus populations A, B, C, and D) from individual cassava plants exhibiting EACMCV symptoms from four locations within a 60 km radius of Southern Cameroon in July of 2009. The EACMCV DNA-A fragment encompassing the intergenic region (IR), the AC1 ORF and the 5′ end of the AC2 ORF was PCR amplified from total plant DNA and cloned. Recombinant plasmids were transformed into Escherichia coli and plasmid DNA extracted from 18-23 randomly selected colonies followed by the sequencing of the IR/AC1. To minimize the potential variation resulting from PCR and sequencing errors, we used Easy-A high-fidelity polymerase (Stratagene, La Jolla, CA), which has proofreading capability, in PCR amplifications. Furthermore, the PCR parameters were the same and all components of PCR were from the same lot. Additionally, only 25 cycles for each PCR were carried out. Finally, the level of PCR error was determined by sequencing eight clones generated from a PCR product amplified using the infectious EACMCV DNA-A as a template and none of the sequences showed a mutation.
Sequence analysis showed that the number of clones with at least one mutation, ranged from 44% in population B to 67% in population D. Population D exhibited a comparatively high nucleotide mutation frequency of 9.38 × 10 −4 mutations/site, approximately three-fold higher than the frequency observed in population B, which showed a frequency of 3.52 × 10 −4 mutations/site (Table 1A) . These frequencies are similar to frequencies observed in TYLCCNV (Ge et al., 2007) , TYLCV (Urbino et al., 2008) , and MSV (Isnard et al., 1998; van der Walt et al., 2008) . To estimate levels of sequence divergence, we determined singlenucleotide polymorphism (SNP) in all four-virus populations (SNP and their loci are presented in Supplementary data 1). Together, 11 SNPs were identified in the IR and 16 in the AC1/AC4 region. Interestingly, all 4 SNPs found in the AC4 ORF changed the amino acid encoded in the protein whereas only 4 out of the 16 SNPs identified in AC1 changed the amino acid ( Table 2 ). The existence of SNPs is an indication of variations in EACMCV genomic sequences in naturally infected cassava plants under field conditions.
Distribution of mutations in EACMCV progeny populations in naturally infected cassava under field conditions
To determine distribution of nucleotide substitutions in the IR/AC1 fragment, mutations in each progeny virus population were pooled and a mutation map generated (Fig. 1) . Only point mutations were observed and they were found in non-coding IR and coding AC1/AC4 fragments ( Fig. 1) . These mutations were more uniformly distributed in population A and, to a lesser extent, in population B than in populations C and D. In analyzing mutation frequencies, we assumed that identical mutations at the same position in clones from the same virus population were from the same mutation event. In contrast, identical mutations in virus progeny from different populations were considered as independent mutation events. Indeed, only three mutations were found in more than one population at positions 2230 (populations A and D), 2250 (populations C and D), and 2256 (populations A and D) (Nucleotide positions are numbered from the origin of replication). Furthermore, mutations in close proximity were considered to be independent events. Results of these analyses showed that in population D, variability was uniform as mutation frequencies in coding and non-coding regions were close, ranging from 8.70 × 10 −4 mutations/site in AC1 to 11.9 × 10 −4 mutations/site in AC4 (Table 1B) . By contrast, the mutation frequency observed in the IR of population C was 16.5 × 10 −4 mutations/site, which is almost three times higher than the frequency of 6.46 × 10 −4 mutations/site observed in the AC1 ORF. The AC1 coding region exhibited a less variable mutation frequency across all four virus populations compared with mutation frequencies in the IR, which ranged from 1.14 × 10 −4 mutations/site in population B to 16.5 × 10 −4 mutations/ site in population C (Table 1B) . 
a Open reading frames are in the complementary sense of the sequence.
Types of EACMCV mutations in naturally infected cassava under field conditions
To determine the types of mutations in the four EACMCV progeny populations, all mutations were classified into transitions (interchange of purine or of pyrimidine bases) or transversions (interchange of purine and pyrimidine bases) (Table 3) . Overall, there were three times more transitions than transversions in progeny virus populations and there were imbalances in complementary substitutions. For example, seven G → T transversions occurred in all four virus progeny populations compared with one C → A complementary transversion (Table 3) . Similarly, a total of 12 T → G transversions were observed across the four progeny populations compared with a single A → C complementary transversion. Of all possible transversions, only the A → T was not observed in any of the virus populations. Analysis of transitions showed more incidents of mutations resulting in the substitution of T than any other substitution, particularly in population D, where 16 T → C transitions were recorded. These biases in substitutions resulted in a more than two-fold higher A/T → G/C substitutions than G/C→ A/T substitutions (Table 3) .
Analysis of mutations within the AC1 and AC4 ORFs showed important changes. For example, in population A, the G → T mutation at position 2215 resulted in a nonsense mutation in the AC1 ORF, which would likely stall virus replication since the gene product of AC1, Rep, is required for virus replication (Hanley-Bowdoin et al., 1990) . In all four populations examined, the stop codon of two clones of populations A and D were mutated at position 2256 from TAG to TGG, thereby suppressing the stop codon of the AC4 ORF. In contrast, the stop codon of the AC1 ORF was not suppressed in any of the clones even though the AC1 stop codon was mutated at position 1587 from amber (TAG) to ochre (TAA) in a single clone in population D.
Mutations in EACMCV-infected N. benthamiana under controlled environment conditions
To determine the effect of host and controlled environment conditions on EACMCV genetic variability, we used N. benthamiana, a begomovirus experimental host. A mixture of Agrobacterium cultures harboring disarmed Ti binary vector plasmids containing tandemly repeated inserts of EACMCV DNA-A and DNA-B was infiltrated into N. benthamiana plants and placed in a plant growth room set at a temperature of 24°C. Agroinfiltrated leaves were sampled at 12 dpi and the IR/AC1 fragments from four plants PCR-amplified, cloned, and sequenced from 12 clones from each plant analyzed. Thus, together, 48 IR/AC1 fragments were sequenced. Sequence alignment showed that nucleotide substitutions occurred in 14 out of 48 (29%) clones analyzed. These mutations were observed across all four plants that were inoculated and showed a mutation frequency of 2.25 × 10 −4 (Table 4) , which is in the same order of magnitude to frequencies 
Table 3
Nucleotide substitutions and mutation distribution biases in EACMCV from naturally infected cassava plants.
Type of substitution
Virus population observed in cassava under field conditions as shown above. Mutations were not uniformly distributed along the IR/AC1 fragment, instead they concentrated around the origin of replication in the IR and to the 3′ end of the AC1 ORF. Of a total of 16 substitutions observed in plants inoculated, seven were T → C transitions, which is similar to results obtained in cassava under natural conditions. Correspondingly, only three complementary (A → G) transitions were observed in the virus populations. This is further evidence that there is a T → C biased substitution in the IR/AC1 fragment of EACMCV. In all, only one substitution (T → C) at position 2639 in one clone resulted in a change of amino acid, where Arginine-3 was replaced by Glycine in Rep, the gene product of AC1 (Table 5) .
EACMCV exhibits a high frequency of reversion and second site mutations
The observations made in cassava under field conditions and in N. benthamiana under greenhouse conditions confirm that EACMCV undergoes frequent nucleotide substitutions. To investigate the ability of this virus to correct a defective variant, we used mutant virus, EACMCV-AC4 T38I , which contains a Threonine-38 to Isoleucine mutation due to a single nucleotide substitution from G2376 → A (C → T in the AC4 ORF). This mutant was used based on the fact that N. benthamiana plants that were inoculated with EACMCV-AC4 T38I either displayed late symptoms or never displayed apparent symptoms. In five independent experiments, each containing at least four plants, all plants inoculated with wild-type EACMCV showed leaf roll symptoms at 7 dpi, and by 9 days, all plants displayed severe symptoms (Fig. 2) . In contrast, plants inoculated with EACMCV-AC4 T38I either developed late symptoms or remained symptomless throughout (Fig. 2) . This suggested that the EACMCV-AC4 T38I mutant was either reverting to the wild-type or it was undergoing second site mutations to a more virulent form or both of these events were occurring either simultaneously or sequentially. This provided an opportunity for us to investigate EACMCV population selection dynamics through determination of variability in the progeny of EACMCV-AC4
T38I
. As described for wild-type EACMCV above, 12 clones from each of four plants inoculated with EACMCV-AC4 T38I were sequenced. Results of sequence alignment showed that 45 of the 48 virus progeny showed four additional nucleotide transitions, two G → A in the common region at positions 152 and 2785 and two T → C within the AC1/AC4 coding region at positions 2276 and 2320 (Supplementary data 2). More importantly, the other three clones were observed to have reverted to wild-type and did not have the four new mutations found in the 45 non-revertant clones (Supplementary data 2). To determine variability in the progeny population of EACMCV-AC4 T38I in leaves exhibiting symptoms, systemically infected leaves displaying EACMCV symptoms were sampled and total DNA extracted followed by sequencing of IR/AC1 fragment as described above. Sequence alignment showed that out of 12 clones, eight (67%) had reversed the original mutation from A back to G at position 2376 whereas only three out of 48 clones (7%) showed the reversion in inoculated leaves (Supplementary data 2) . Four of the eight revertants also contained a T → C substitution first observed in non-revertants in inoculated leaves at position 2276 and the other four maintained the wild-type T2276. The remaining four of the 12 sequenced clones maintained the original G2376 → A mutation (non-revertants) as well as the two T → C new substitutions first observed in inoculated leaves at positions 2276 and 2320 in the AC1/AC4 coding region (Supplementary data 2). In inoculated leaves, all non-revertants contained a new A → G substitution at position 152 (Supplementary data 2). Interestingly, none of the four non-revertants in systemically infected leaves contained this substitution. Furthermore, a G2785 → A substitution was found in all 45 non-revertants in inoculated leaves, however, only two out of the four non-revertants in systemically infected leaves showed this substitution while the other two maintained the wild-type G2785 (Supplementary data 2). Together, these results show that EACMCV has the capacity to evolve rapidly to amend deleterious changes in its genome and to select and propagate more fit virus variants. To investigate whether the delayed symptom development observed in EACMCV-AC4 T38I infected plants could be due to low levels of DNA accumulation, viral DNA levels were quantified in inoculated leaves at 3, 6, 9, and 12 days post inoculation (dpi) using quantitative real-time PCR. Results showed that levels of viral DNA in plants inoculated with wild-type EACMCV increased from 3 to 9 dpi followed by a decline until 12 dpi, where viral DNA levels were lower than levels observed at 3 dpi (Fig. 3) . In contrast, levels of viral DNA observed in leaves inoculated with the EACMCV-AC4 T38I remained constantly low throughout the period of observation indicating that the delay in symptom development in these plants was due to low levels of viral DNA in plant tissues. To confirm the integrity of the amino acid sequence of the replication-associated protein, Rep, an analysis of progeny virus clones in AC4 T38I infected plants was performed. Results showed that the amino acid sequence of Rep was not affected suggesting that low level of viral DNA could not have been due to a defective Rep. The low levels of viral DNA may be due to the fact that EACMCV AC4 counters host defense as we have shown that AC4 is a suppressor of gene silencing (Fondong et al., 2007) . It is also possible that the G2785 → A mutation either destabilized the genome structure, the AC1 gene (Shepherd et al., 2006) , or it affected codon usage.
Discussion
In this work, we have examined the genetic diversity of EACMCV that was first isolated from Southern Cameroon in the late 1990s and was shown to have resulted from two recombination events (Fondong et al., 1998 (Fondong et al., , 2000 . Given that viral progeny populations are reservoirs of viral variants that potentially can emerge with increased virulence or altered tropism (Lozano et al., 2009) , understanding the genetic make up of viruses is needed to design appropriate control strategies. Whereas dsDNA viruses exhibit a low mutation frequency (Bernard, 1994) , recent studies of viral evolutionary dynamics suggest that ssDNA viruses evolve at frequencies similar to frequencies observed in RNA viruses with similar genome sizes (Duffy et al., 2008; Shackelton 
and AC4 are in the complementary sense of the sequence.
and Holmes, 2006; Poon and Chao, 2005) . In a previous study that was based exclusively on datasets from different isolates collected in different countries over time, Duffy and Holmes (2009) showed high substitution frequencies in EACMV, which is a related species to EACMCV and from which EACMCV acquired a major part of its genome (Fondong et al., 2000) . Here, we have determined the genetic diversity of EACMCV progeny populations based on the IR/AC1 fragments of 83 clones from four virus populations of field isolates sampled from four cassava plants in Southern Cameroon. Furthermore, the diversity of virus progeny in N. benthamiana from cloned wild-type EACMCV and mutated EACMCV were examined. Results clearly show that similar to other geminiviruses Holmes, 2009, 2008; van der Walt et al., 2008; Isnard et al., 1998; Arguello-Astorga et al., 2007; Urbino et al., 2008; Ge et al., 2007) , EACMCV exhibits frequent substitutions and maintains a heterogenous population. This is strong direct experimental evidence showing that cassava geminiviruses exhibit a high mutation frequency to the extent that a single clone quickly transforms into a collection of mutant sequences upon introduction into the host. Indeed, it is shown here that a single clone of EACMCV quickly transforms into a collection of mutant sequences upon introduction into N. benthamiana. These findings confirm the view that geminiviruses share population dynamics properties with RNA viruses (Ambrose et al., 1999; Domingo and Holland, 1997; Roossinck, 1997; Roossinck, 2001, 2000) . EACMCV mutation frequency is shown here to be on the order of 10
, which is comparable to the frequency reported for other geminiviruses van der Walt et al., 2008; Arguello-Astorga et al., 2007; Urbino et al., 2008; Ge et al., 2007) and for RNA viruses (Lauring and Andino, 2010; Sanjuán et al., 2009; Roossinck, 2001, 2000) and therefore explains the diversity found in EACMV-like viruses.
High mutation rates in RNA viruses have been associated with low fidelity exhibited by viral RNA polymerases, which often do not contain proof-reading domains and are therefore error-prone (Meyerhans and Vartanian, 1999; Drake et al., 1998; Domingo et al., 1996; Ramirez et al., 1995) . However, geminiviruses use the cellular machinery of their host plants, implying that they should equally have high replication fidelity as their host. The high mutation rates in geminiviruses may therefore be due to other factors, including spontaneous chemical reactions, environmental mutagens such as ultraviolet irradiation, and host enzymes . For example, it has been suggested ) that because a geminivirus spends a larger fraction of its infection cycle in the form of ssDNA, host exonucleases, which act on dsDNA, may not repair mutations introduced during replication, or the geminivirus genomes might not possess the proper methylation patterns. It has also been suggested that geminivirus genomes recruit a more errorprone polymerase from the host's nucleus for its own replication .
Overall, only a third of the substitutions observed in the EACMCV IR/ AC1 fragment were transversions. The dominance of transitions under natural conditions and under controlled environment is consistent with results obtained in the corresponding region in TYLCCNV (Ge et al., 2007) . These results however contrast with observations made in MSV, where no significant trend in favor of either form of substitution was observed (van der Walt et al., 2008) . Regarding types of mutations, a biased T → C pattern of mutation was observed both in virus populations from naturally infected cassava and in populations from controlled environment N. benthamiana plants. This result contrasts with those reported for EACMV (Duffy and Holmes, 2009 ) and TYLCV where there was an overrepresentation of C → T transitions and the complementary G → A substitutions Ge et al., 2007) . The result also contrasts with the reported high frequency of C → T, G → A and G → T substitutions in Sugarcane streak Réunion virus (SSRV) and MSV infections (Harkins et al., 2009 ). C → T and G→ A substitutions have been accounted for by deamination of cytosine and guanine resulting in replacement of these nucleotides by thymine and xanthine (xanthine base pairs with thymine) (Eritja et al., 1986; Kamiya et al., 1992) . A possible role of deamination in virus mutagenesis is supported by the fact that deaminating enzymes have been identified in plant nuclei (Stasolla et al., 2003) . The mechanism causing the overrepresentation of T → C transitions is not known, however, this substitution bias led to a higher proportion (70%) of all substitutions being AT → GC and therefore would increase the GC content in virus progeny. A similarly elevated T → C transition frequency was recently described for a nongeminivirus single-stranded DNA plant virus, Faba bean necrotic stunt virus, in its natural host faba bean under field and laboratory conditions (Grigoras et al., 2010) . It is yet not clear why this transition bias occurs in these viruses.
Another important outcome of this study is the phenomenon of reversion in EACMCV-AC4 T38I , where G2376 was replaced with A (corresponding to a C → T substitution in the AC4 ORF in the complementary sense). Whereas this mutation resulted in a Threonine-38 to Isoleucine substitution in the AC4 protein, it did not affect the amino acid sequence of Rep, which is the only viral protein necessary for replication (Elmer et al., 1988) . Plants inoculated with EACMCV-AC4 T38I either showed delayed symptom development or showed no symptoms. This result is consistent with the fact that AC4 is required for efficient symptom development since it has been shown to suppress RNA silencing (Fondong et al., 2007) . It is also possible that this mutation affected the nucleic acid folding and the secondary structure of AC1, which may affect virus replication as was observed in MSV. Indeed, Shepherd et al. (2006 Shepherd et al. ( , 2005 showed that substitution of A601, which did not affect the ability of MSV Rep to replicate the viral genome affected virus infectivity and induced reversion to restore wild-type folding and infectivity. This observation led to the suggestion that conservation of the secondary structure of MSV nucleic acids (genomic and/or transcriptomic), in addition to their primary sequences, is important for virus function (Shepherd et al., 2006) . Thus, it is possible that EACMCV G2376 (corresponding to C270 in the AC1 sequence) is important for correct folding of the ssDNA and/or that of AC1, which may influence viral inherent biological properties, including virus location and mechanisms by which the genome is replicated, transported or encapsidated (Shepherd et al., 2005) . Furthermore, this substitution was G → A, thus a reverse of T → C, which was the predominant substitution observed both in cassava under field conditions and in N. benthamiana under a controlled environment. It is possible that there is an inherent biased T → C substitution and/or resistance to a reverse substitution, especially at specific positions in the EACMCV genome. Together, these findings reinforce the view that there is a selective pressure for A2376 → G reversion in EACMCV, which presumably stabilizes the genome or may be important for Rep gene codon usage. Finally, it is important to note that in order to stabilize the genome following this G2376 → A mutation, several additional mutations were generated at different loci. Some of these new mutations were corrected by substitution with different nucleotides, as the virus moved systemically, leading to single nucleotide polymorphisms (SNPs) (Supplementary data 2).These observations show that nucleotide polymorphism may be a reaction to changes that occur elsewhere in the genome.
These results suggest that, similar to plant RNA viruses, selection, bottlenecking and population allocation must play an important role in geminivirus population structure and these mechanisms are governed by host factors and are inherent to the virus.
Materials and methods
Plasmid construction and Agrobacterium transformation
The full-length EACMCV DNA-A component (GenBank accession number AF112354) (Fondong et al., 2000) was cloned into the HindIII site of pBluescript II KS (Agilent Technologies, La Jolla, CA) to obtain pB-EA. To facilitate downstream manipulations, the 1.6 kb BamHI/HindIII fragment of EACMCV DNA-A and an additional BamHI site adjacent to the HindIII site in the vector sequence of pB-EA was PCR-amplified using primers (forward and reverse): (5′-TTGGATCCTTTTCTTTGATAATTTG-3′ and 5′-CCGCTCTAGAACTAGTGGAT-3′). The PCR product was cloned into Gateway® recombination plasmid pCR8/GW/TOPO (Invitrogen Corporation, Carlsbad, CA) using site-specific recombination as described by the manufacturer. A full-length HindIII EACMCV DNA-A copy was subcloned into the BamHI/HindIII fragment in pCR8/GW/TOPO, thus obtaining a partial tandem repeat of the A component with two virus replication origins. The partial tandem repeat was then cloned into pEarleyGate100 binary vector (Earley et al., 2006 ) using site-specific recombination. To construct a partial tandem repeat of EACMCV B component, the 1.7 kb ClaI/BclI fragment of the ClaI clone (GenBank # FJ826890) was cloned into pSL1180 shuttle vector (Amersham Pharmacia, Piscataway, NJ) followed by the introduction of a ClaI full-length copy into the ClaI/SacI fragment thus obtaining a partial tandem EACMCV DNA-B repeat, which was then subcloned into the EcoRI/SacI sites of the binary vector pCambia2300 (Cambia, Canberra, Australia).
An EACMCV DNA-A component containing a mutation in the AC4 ORF, where the 38th codon was changed from ACA (Tyrosine) to ATA (Isoleucine), was generated by overlap PCR using general primers (forward and reverse): (5′-TTGGATCCTTTTCTTTGATAATTTG-3′ and 5′-CCGCTCTAGAACTAGTGGAT-3′), and the specific overlap primers: 5′-ATTCGGATGGAAATGTGTTG-3′ and 5′-ACACATTTCCATCCGAA-TATTCAGGGAGCTAAATC-3′ (the underlined triplet is the mutation in the AC4 ORF). The PCR fragment was cloned into pCR8/GW/TOPO to make pCR8-AC4
T38I by site-specific recombination with the mutated fragment. This mutation was confirmed by sequencing. To obtain a full-length EACMCV DNA-A containing the AC4 mutation, the mutant fragment AC4 T38I was excised from clone pCR8-AC4 T38I using BamHI and used to replace the corresponding fragment in pB-EA thereby producing a mutated full-length HindIII component A in pBluescript II KS. This mutated full-length HindIII copy was then subcloned into pCR8-AC4 T38I to make a partial tandem repeat with both repeats containing the same mutation in the AC4 ORF. This tandem repeat was then transferred into pEarleyGate100 binary vector by recombination yielding the EACMCV-AC4 T38I infectious clone.
Binary vector constructs were introduced into A. tumefaciens (strain C1C58) using the freeze-thaw method and cultured in LB broth at 28°C overnight. Agrobacterium suspensions were pelleted and the pellet resuspended in distilled water to an OD 600 of 1.0.The abaxial surface of the first true leaves of four-to six-leaf stage N. benthamiana seedlings were infiltrated with mixtures of equal volumes of the EACMCV A and B components using a 1-ml syringe barrel. The infiltrated plants were placed in a growth room with a 16 h photoperiod and a day temperature of 22°C and a night temperature of 18°C. Plants were then monitored for symptom development.
Sample collection, DNA extraction, cloning and sequencing To investigate variation in EACMCV occurring naturally in cassava, we collected four leaf samples from individual cassava plants exhibiting CMD symptoms (hereafter named virus populations A, B, C, and D) in different cassava plantings in Southern Cameroon where EACMCV was first isolated (Fondong et al., 2000) . For variation under laboratory conditions, agroinfiltrated N. benthamiana leaves were collected at 12 days post infiltration from four plants inoculated with wild-type EACMCV and EACMCV-AC4 T38I mutant virus, respectively.
Total DNA was extracted using the CTAB method (Doyle and Doyle, 1990) . The DNA-A fragment encompassing the intergenic region (IR), the AC1 ORF and the 5′ half of the AC2 ORF, hereafter known as IR/AC1 was amplified from total DNA in a 25-cycle PCR using Easy-A highfidelity PCR cloning enzyme (Stratagene, La Jolla, CA) and cloned into pCR8/GW/TOPO by site-specific recombination. The primers for PCR and sequencing were: 5′-CGACAGTACCGCGATCA-3′ and 5′-ATGCTGC-GATAGATGGAAC-3′. Recombinant plasmids were transformed into E. coli and plasmid DNA isolated from individual E. coli colonies and the viral DNA insert sequenced in multiple sequencing reactions.
Determination of variability
Forward and reverse sequencing reads from each clone were assembled using the SeqMan II program and multiple sequence alignment and nucleotide divergence were performed using the ClustalW method (DNAStar, Inc), which produces a neighbor-joining (NJ) tree. The variability of the viral population in each sample was determined by expressing the number of sequences with at least one mutation as a percentage of the number of clones in the virus population. The mutation frequency was calculated as the total number of mutations observed in sequenced clones of each population divided by the total number of bases sequenced in the population. To determine polymorphism in virus populations, consensus sequences of each of the virus populations were aligned and polymorphic sites identified.
Quantification of the virus in leaf samples
Quantitative real-time PCR was used to determine the level of viral DNA in inoculated leaves. Briefly, PCR mixture was prepared using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). Total plant DNA from infected plant was diluted 1:1000. The PCR conditions were 5 min at 95°C followed by 40 cycles of 95°C for 15 s, 55°C for 30 s and 72°C for 1 min using primers (forward and reverse): (5′-GTTGTAC-CATGCGTCGTTTG-3′, 5′-CTCGAAGGTGATAGCCGAAC-3′). These primers amplify a 110 bp fragment at the 3′ end of the AC1 ORF. To normalize the virus level, an internal control of 18S rDNA was quantified using primers (forward and reverse): (5′-GTTTATAGCCTTGGCCGACA-3′, 5′-GTA-CAAAGGGCAGGGACGTA-3′). A dissociation kinetics analysis was performed at the end of the 40 cycles to check the specificity of amplification. This experiment was repeated four times.
